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ABSTRACT 

A simple method is presented for calibrating a cone-probe type of 
flow field measuring instrument.   The calibration procedure requires 
data from only four orientations of the cone-probe in a quantitatively 
unknown flow field.    Only changes in orientation must be known.   It is 
then possible to use these data to determine the Mach number, total 
pressure, and flow angle of the unknown flow field; the constants in 
calibration equations for pitch and yaw flow angles; and the average 
static pressure.   The method is verified by comparing with calibration 
results obtained in a conventional manner. 
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A2 Coefficient in Eq.  (26) 

a Coefficient in static pressure, Eqs. (7), (8), (9), 
(10) 

B Coefficient in static pressure, Eqs.  (11),  (12), (13), 
(14) 

B! Coefficient in Eq.  (25) 

B2 Coefficient in Eq.  (26) 

b Coefficient in static pressure, Eqs.  (7),  (8),  (9),  (10) 

Ci Coefficient in Eq.  (25) 

C2 Coefficient in Eq^  (26) 

Cp Pressure coefficient, (-—=-£) 

ACpe Differential pressure coefficient,  (Cpc - Cpa) 

^CpCT Differential pressure coefficient,  (Cp^ - Cpb) 

(ACpe)c Corrected differential pressure coefficient 

(ACpo-)c Corrected differential pressure coefficient 

E Defined by Eq.  (38) 

F Defined by Eq.   (39) 

G Defined by Eq.   (29) 

H Defined by Eq.  (30) 

J Defined by Eq.  (31) 

K Defined by Eq.  (32) 

P Nondimensional static pressure 

P^ Average nondimensional static pressure, Eq.  (35) 

PAQ Average nondimensional static pressure, for zero, 
angle of attack relative to aerodynamic axis, Eq.  (36) 

APe Nondimensional pressure difference,  (P0 - P ) 
C EL 

£Pa Nondimensional pressure difference,  (Pi - P^) 

p Measured static pressure (Fig.  1) 

p. Measured total pressure (Fig.   1) 

q Free-stream dynamic pressure 

a Flow angle relative to reference axis (Fig.  1) 

e Flow pitch angle (Fig.   1) 

vi 



AEDC-TR-69-201 

e Q Pitch angle of calibration flow field relative to 
reference coordinate in experiment I 

e ^ Pitch angle of reference axis in experiment III 
relative to its location in experiment I 

€ iQ Pitch angle of aerodynamic axis relative to 
reference axis 

0 Roll angle (Fig.   1) 

cr Flow yaw angle (Fig.   1) 

CTQ Yaw angle of calibration flow field relative to 
reference coordinate in experiment I 

cr jo Yaw angle of aerodynamic axis relative to 
reference axis 

SUBSCRIPTS 

a, b, c, d Static pressure taps 

1, 2, 3, 4 Calibration experiments 

• Free stream 
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SECTION I 
INTRODUCTION 

The cone-probe is an instrument for the absolute measurement of 
Mach number, total pressure,  and flow angle.    It consists of a cöne- 
cylinder having four static pressure taps on the conical surface and a 
total pressure tap on the centerline.    Applying both exact cone flow 
theory and linearized aerodynamic theory to the five pressure measure- 
ments yields Mach number, total pressure,  and flow angle.   In practice 
fabrication errors in combination with pressure measurement errors 
negate the simple application of aerodynamic theory and necessitate 
that the probe be experimentally calibrated. 

A typical calibration (Ref.  1) consists of testing the probe in a known 
flow field at various known orientations.    The resulting data are then 
used to construct calibration charts which relate (1)   nondimensional 
static pressure differences to pitch and yaw angles of the flow field, 
(2)   total pressure to pitch and yaw angle, and (3)   nondimensional av- 
erage static pressure to free-stream Mach number and the pitch and yaw 
angles of the flow.   Some of the disadvantages of this type of calibration 
are 

1. A large amount of experimental data is required. 

2. The results are in graphical form and must be converted 
for computer use. 

3. The angle of the flow relative to the centerline of the cone- 
probe must be accurately known for each experimental 
point. 

4. The probe must be calibrated over the range of Mach num- 
bers that the probe is expected to encounter when used. 

5. The calibration flow field must be known. 

In this report,  a new calibration procedure is presented which re- 
quires only four experimental data points corresponding to four orien- 
tations of the cone-probe.   These four experimental points are obtained 
by testing the probe in a flow field of unknown Mach number and flow 
angle.   The four experimental points are used to determine (1)   constants 
in calibration equations which relate pitch and yaw flow angles to non- 
dimensional pressure differences, (2)   constants in a calibration equa- 
tion which relates a nondimensional average static pressure to the pitch 
and yaw angles of the flow, and (3)   the Mach number, total pressure, 
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and flow angles of the unknown flow field.   The form of the calibration 
equations is established by the application of linearized aerodynamic 
theory to a generalized cone-probe geometry. 

SECTION II 
THEORY OF CALIBRATION 

The theory of calibration presented in this report can be applied in 
a number of different ways, depending on the assumptions concerning 
the calibration flow field and the design of the cone-probe.   In this re- 
port, the theory is applied, based on the following assumptions: 

1. The calibration flow field is unknown. 

2. The average static pressure obtained with the probe per- 
fectly aligned with the flow can be theoretically related to 
the free-stream Mach number. 

3. Static pressure readings from each tap vary linearly with 
flow angles up to 20 deg. 

4. The measured total pressure is independent of flow angle 
up to 20 deg. 

Assumptions 2, 3,  and 4 are experimentally verified in Ref.  1. 

Within the framework of these assumptions, only the effects of an 
angular misalignment of the static pressure taps need to be determined 
by a calibration.   Such a calibration procedure is developed in the fol- 
lowing sections. 

SECTION III 
BASIC CALIBRATION EQUATIONS 

3.1   DERIVATION OF PITCH AND YAW CALIBRATION EQUATIONS 

Each static pressure tap is assumed to be radially located at 
angles 0a, 0^, 0C, and 0(j relative to an arbitrarily selected cylindri- 
cal coordinate system as shown in Fig.  la (Appendix).   The axis of 
this cylindrical coordinate system does not necessarily correspond to 
the physical centerline of the cone-probe.   The calibration procedure 
determines the orientation of an "aerodynamic" axis which is defined 



AEDC.TR-69-201 

to be the flow direction required to equalize the four static pressure 
measurements.    For a perfectly constructed cone-probe, the aero- 
dynamic axis coincides with the physical centerline of the cone-probe. 

From Fig.  lb, the following trignometric relations can be derived: 

tan ( =   tan a cos 0 /j\ 

tan a -  tan a sin 0 (2) 
tan'f +   tan2 a =   tan2 a (3) 

For flow angles less than 20 deg, Eqs.  (1),  (2),  and (3) can be approxi- 
mated as follows: 

( = a cos 0 (4) 
a = a sin 0 (5) 
e2 + a2 = a2 (6) 

According to linearized aerodynamic theory (assumption 3), the 
static pressure at each tap can be represented by the following equa- 
tions : 

pa = ba ■*■ aa a cos (0 +   0a) (^\ 

Pb = bb + ab a cos (0 + 0b) (8) 

pc = bc + ac a cos (0 + 0C) (9) 

pd = bd - aj a cos (0 + 0Q) (10) 

It is usual to nondimensionalize static pressure with the free-stream 
dynamic pressure; however,  in this calibration, the free-stream dy- 
namic pressure is unknown because the flow field is unknown (assump- 
tion 1).    Therefore, the static pressures are nondimensionalized with 
the measured total pressure (p.    ).   Let 

Pc 
Pa   = 

P«m 
Pc — 

P«m 

Pb   = 
Pb 

Pd = 
Pd 

Pi«. P'm 

A= - 
att 

Ba * 
ba 

'»a 
P'm P»m 

Ab = 
ab 

Ptm 

Bb = bb 

Ptm 

Ac = 
ac 

Be = 
be 

Ptm P'm 

Ad = 
3d 

Bd _ bd 

P'm Pt„ 
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Substituting into Eqs.  (7), (8), (9), and (10) yields 

Pa   = Ba   + Aa a   cos   ($ + 0a) (H) 

Pb  = Bb  + Ab a   cos   (0 + $b) (12) 

Pc  = Bc + Ac a  cos   (0 + 0C) (13) 

Pd  = Bd + Ad a  cos   (0 + 0d) <14) 

The constants A and B in each of Eqs.  (11),  (12),  (13), and (14) are in- 
dependent of a and 9.    This is experimentally verified in Ref.  1. 

Equations (11),  (12),  (13), and (14) can be expanded into the follow- 
ing forms: 

Pa = Ba + Aa  a [cos 0 cos 0a - sin 0 sin 0a] (15) 

Pb - Bb + Ab  a  [cos 0 cos 0b -  sin 0 sin 0b] (16) 

Pc  = Bc   +  Ac  a [cos 0 cos 0C  -  sin 0 sin 0O] (17) 

Pd  = Bd  + Ad   a [cos 0 cos 0d  - sin 0 sin 0d] (18) 

Define 

APe = Pc - Pa (19) 

and 

APff = Pd - Pb (20) 

Substituting Eqs.  (15),  (16),   (17),   and (18) into Eqs.   (19) and (20) 
yields 

APf =   (Bc  -  Ba)  +  a i[Ac cos 0C -  Aacos0a]cos0 ,„.. 

-   [Ac sin 0C  - Aa sin 0a1sin 0} 

and 

APff   =  (Bd  - Bb) +  a i[Ad cos 0d - Ab cos 0b] cos 0 
(22) 

-  [Ad sin öd  ~ Ab sin 0],]sin 0! 

Equations (21) and (22) can be written in terms of e and o by substi- 
tuting Eqs. (4) and (5).   This yields 

AP« =  (Bc - Ba) + [Accos0c - Aacos0a]e - [Ac sin 0C -  Aa sin 0a] a       (23) 

and 

APCT  =   (Bd  -  Bb)  +  Ud cos 0d  - Ab cos flj «  - [Ad sin 0d -  Ab  sin 0b] a      (24) 
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Let 
Bi = (Bc - Ba) B2 = (Bd - Bb) 

Ai = [Ac cos 0C - Aa cos 0a] A2 = [Ad cos 0d -  Ab cos 0bl 

Ci = [Acsin0c  -  Aa sin 0a] C2 = [Ad sin Öd  -  Ab sin 0bl 

Substituting into Eqs.  (23) and (24) yields 

APe - Bi + Aic - Cia (25) 

APff = B2 + A2 e  - C2P (26) 

Solving for e and a yields 

f = J (APa) - K(AP€) * «10 (27) 

and 

where 

a =  G(APe) - H(APCT)+ <7io (28) 

G "   CaAx-CxAz (29) 

H   - Al 
"   C2A1-C1A2 (30) 

(31) 

\AV (32)   - 

B2C! - B1C2 
fl°  "   C2A1-C1A2 (33) 

B2C1-BiA2 
ffl° = c2Al-CiAa (34) 

The angles e JQ and 0*10 are the pitch and yaw angles of the aerodynamic 
axis relative to the reference axis. 
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Equations (27) and (28) are the calibration equations for pitch (e) and 
yaw (a).   Each equation involves three unknowns; and since the calibration 
flow field is unknown, there is a total of four unknowns (J, K, eio» and 
eQ for Eq.  (27)).   These four unknowns can be determined from four 
experiments. 

3.2 DERIVATION OF CALIBRATION EQUATION FOR AVERAGE STATIC PRESSURE 

The free-stream Mach number and total pressure are theoretically 
related to the ratio of average static pressure to total pressure.   This 
relationship is based on the assumption that the average static pressure 
equals the surface static pressure on a cone at zero angle of attack.   This 
is true only for a perfectly constructed cone-probe obeying linearized 
aerodynamic theory.    For a practical cone-probe, the average static pres- 
sure is a function of flow angle as shown in the following derivation.   Let 

pA =  4  (35) 

PA
O 

=  1  (36) 

Substituting Eqs.  (15), (16),  (17),  (18), and (36) into Eq.  (35) yields 

»A =   * Ao +  -r-fAa cos 0a + Ab cos 0b + Ac cos 0C ■•- Aj cos 0dl a cos 0      (37) 

-  — [Aa sin 0a + Ab sin 8\, + Ac sin 9C + Ad sin 9A\ a sin 8 
4 

Let E = — [Aa cos 8a +  Ab cos Ob + Ac cos 8C + Ad cos 84] (38) 

and F =P -^[Aa sin 0a + Ab sin 0b + Ac sin 0C + Ad sin0d] (39) 

Substituting Eqs.  (4),  (5),  (38), and (39) into Eq.  (37) yields 

PA = PA0 + Ef - Fa (40) 

Equation (40) involves two unknowns (E and F); however, the calibration 
flow field is also unknown (assumption 1), so there is a total of three 
unknowns.    These three unknowns can be determined using three of the 
four experiments required to determine the constants in flow angle cali- 
bration equations. 
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In Eq.  (40),  PA is the measured nondimensional average static 
pressure,  and PAO is the nondimensional average static pressure for 
zero flow angle.    Therefore,  PAO is used in the theory to determine 
free-stream Mach number and total pressure.    From Eq. (40), 

pA0 = PA - E« + Fa (41) 

SECTION IV 
CALIBRATION EXPERIMENTS 

Four experiments are required to determine all the unknowns in the 
calibration equations and the calibration flow field.    Each experiment 
consists of a different orientation of the cone-probe with respect to the 
flow field.    The orientations are arbitrary; however, relative orienta- 
tion changes from experiment to experiment must be accurately known. 
The four experiments selected are discussed in the following sections. 

4.1   EXPERIMENT I 

The probe is located in the calibration flow field such that the flow 
angles are less than 20 deg relative to the reference coordinate system. 
The axis of the reference coordinate system is taken to be the geometric 
centerline of the cone-probe. 

The unknown flow field is approaching this coordinate system at the 
angles eg and CT0-    Therefore, in calibration Eqs.  (25),  (26),  and (40), 
the following quantities are substituted: 

«   =   f0 

APe = (APf)l 

ff  =   ffO 

&Pa = (APCT)1 

PA = (PA>! 

Substituting into Eqs.  (25) and (26) yields 

(APf)i= Bi + Ateo - Ciffo (42) 

(APtxh = B2 + A2«o - C2«f0 (43) 
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Substituting into Eq.  (40) yields 

(PA)^ PA0 + F<o - VOQ ^44j 

4.2 EXPERIMENT II 

From its position in experiment I, the cone-probe is rolled 90 deg 
clockwise about its axis, looking downstream.   The quantities to be sub- 
stituted into the calibration equations are 

e  =  ff0 °  =  -*0 
APf = (AP,)a     APa = <APff)2      PA = (PA)a 

Substituting into Eqs.  (25) and (26) yields 

(APf)2 = Bi + Aio0 + C,f0 (45) 

and 

(APff)2 = B2 + A2<T0 + t^fo (46) 

Substituting into Eq.  (40) yields 

(PA) 2 = PA0 + Ea0  + Ff0 (47) 

4.3 EXPERIMENT III 

The cone-probe is returned to its orientation in experiment I and 
then pitched to an angle, €\. The quantities to be substituted into the 
calibration equations are 

« = fo + fi a = CTO 

APf = (AP<)3 APff = (APCT)3 

PA = (PA) 3 

Substituting into Eqs.  (25) and (26) yields 

(AP€)3 = Bi + A^fo + fi) - CICTO (48) 

8 
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and 

(APCT)3  = B2  -  Aa(e0  +  «1)  -  Gjub (49) 

Substituting into Eq.  (40) yields 

(PA>3 - PA0 + E(f0 + »0- Fa0 (50) 

4.4  EXPERIMENT IV 

From its position in experiment III, the cone-probe is rolled 90 deg 
clockwise, looking downstream.   The quantities to be substituted in the 
calibration equations are 

i = <7o a = -Uo +  fi) 

APf =  (AP£)4     APa = (APffh 

Substituting into Eqs.  (25) and (26) yields 

(APe)4 = Bi+ Ai<70 + Ci (fQ + €l) (51) 

and 

(APff)4 = B2 + A2ff0 
+ c2 (f° + ^ (52) 

There are now a sufficient number of equations to solve for the unknowns 
Ai, A2,  Bi,  I$2,  Ci,  C2,  £Q, CTO, E,  F,  and PAO-    These equations are 
summarized as follows: 

(AP€)i - Bi + AWo - euro (53) 

(APf)2 = Bi + A^o x Cxfo (54) 

(APe)3  =  Bi  -r Ai(e0 + fi) - C^o (55) 

(AP6)4 = B! - A-iffo + Ci(f0 - «1) (56) 

(APff)i  =  B2 + A2f0  - C2ffo (57) 
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(AP(T)2 = B2 + A2ffo + C2eo (58) 

(APa)3 = B2 + A2(f0 + (i) - C^o (59) 

(APCT)4 = B2 + A2o0 + C2(*o + fi) (60) 

(PA)I  =   PA0 + Eeo   - F<r0 (61) 

<PA>2   - PA0 + Ea0  + Ffo (62) 

(PA)S = PA0  + E(f0 + <i) - F^o (63) 

Solving for these unknowns yields 
(APf)3 - <APfh 

A,  = 
(64) 

A2 "—^ — (65) 

(APf)4 - (APe)2 
Cl ■  Ö  (66) 

fi 

(APö)a - (APff)i 

fi 

(APf)4 - (APf)2 

*i 

(APff)4 - (APff)2 c-      ti 

E = 

(67) 

[(APg)2- (APg)il (Ct-A1)-[CAPf)2-(APf)i] (Cj-Aaj 
"* 2[A2Cl-AlC2] <68) 

(APg)2 -. (APg)x - (A2 -f C2) g0 

*° (C2-A2) (69) 

Bx = (AP«h - Aie0 + Ci^o (70) 

B2 = (AP<r)i-A2f0 + C2CT0 (71) 

(PA)3-(PA)I 
(72) 

<PA>1*0   +   (PA)2»0 -E^0    +ff0   > 
?A° <^7^> (73) 

10 
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,;.   _   ll\)2-PAo-r.oo (?4) 

(0 

Most of the above equations are implicit in form and must be eval- 
uated in the order in which they are presented. 

The value of P^Q obtained from Eq.  (73) is used to determine the 
Mach number and total pressure of the calibration flow field.    The quan- 
tity PÄn is not a calibration constant in either Eq.  (40) or (41). 

The constants in calibration Eqs.  (27) and (28) can now be deter- 
mined from Eqs.   (29),  (30),   (31),  (32),  (33),  and (34). 

SECTION V 
MACH NUMBER EFFECTS 

In practice,  a cone-probe will encounter a range of Mach numbers 
in which the calibration equations [Eqs.  (27), (28), and (41)] must be 
valid.    It is,  therefore, necessary to establish for these equations 
either an independence or their functional relationship with Mach number. 

The linear form of the calibration equations can be assumed to be 
independent of Mach number; however, the range of flow angles in which 
they are acceptably valid is a function of Mach number. 

The major constants in Eqs.  (27) and (28) are K and H.    These con- 
stants have theoretical values of -36. 75 at a Mach number of 2. 0 and 
-39. 36 at a Mach number of 5. 0 for a perfectly constructed 20-deg 
half-angle cone.    Thus, these constants are a weak function of Mach 
number in the range from 2. 0 to 5. 0.    This result is partially verified 
experimentally in Refs.  1 and 2 for the Mach number range from 1.51 
to 3. 51.    The constants J and G are related to Mach number in the same 
manner as K and H and, therefore,  are also a weak function of Mach 
number in the range from 2.0 to 5.0. 

■ The constants E and F are zero for a perfectly constructed probe, 
independent of Mach number; however, the experimental data presented 
in Refs.   1 and 2 show a significant effect of Mach number on the rela- 
tionship between average static pressure and flow angle. 

11 



AEDC-TR.69-201 

SECTION VI 
APPLICATION OF CALIBRATION PROCEDURE 

To verify the calibration procedure,  two sets of experimental data 
presented in Ref.   1 were analyzed. 

The data were obtained in free streams having Mach numbers of 
1. 72 and 2.46.    Unfortunately, the experimental data in Ref.   1 are pre- 
sented in graphical form and nondimensionalized with respect to free- 
stream conditions.    As a result,  only the calibration equations for pitch 
and yaw angles could be obtained. 

For a free-stream Mach number of 1. 72, the following experimental 
data were obtained from Fig.  3 in Ref.  1. 

Experiment I 

To test the calibration procedure determination of the flow angle 
of the calibration flow field, experimental data for an angle of attack 
of 4. 4 deg are used.    The values are as follows: 

(Cpa)i   =   0.295 (Cpc)i  =  0.468 

(Cpb)i  = 0.350 (Cpd)i  =  0.365 

q 
For a Mach number of 1. 72, —— = 0.4805; therefore, 

ptm 

(APfh = [<CPe)i - (Cpahlf-!-) = 0.0831 

(APah  =  [(Cpa)!  _  (Cpb)!] (-L-) = 0.00721 

(PA)i =  0.403 (From Fig. 5, Ref. 1) 

Experiment II 

The data for this experiment are the same as those for experiment I 
except shifted 90 deg. 

(Cpa)2   = 0.350 (CPc)2  = 0.365 

(Cpb)2 =   0.468 (Cpd)2  = 0.295 

12 
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and 

(AP£)2 =  0.00721 
(APff)2 = -0.0831 

(PA) 2 =   0.403 

Experiment III 

The data selected for this experiment are those obtained at an 
angle of attack of 9.4 deg.    Therefore, Cj  =  5 deg. 

(CPa)3  = 0.222 (Cpc>3 =  0.598 

(Cpbh = 0.326 (CPd)3 = 0.335 

and 

(APf)3 =  0.18075 

(APff)3  =  0.004325 

(PA)a = 0.403 

Experiment IV 

The data are as follows: 

(Cpa)4  =  0.326 (CPc)4  =  0.335 
(Cpb)4  = 0.598 (CPd)4 =  0.219 

and 

(APf)4 =  0.004325 

(APff)4  =  -0.1821 

Based on these four experiments, the calibration equations for the, 
pitch and yaw angles are as follows: 

f = 1.49 (APa) T 51.12 (APf) - 0.03151 deg (75) 

a  = 1.49 (APe) + 50.46 (APff) - €.02647 deg (76) 

The pitch and yaw angles of the aerodynamic axis relative to the ref- 
erence axis are -0.03151 and -0.02647 deg, respectively.    The pitch 
and yaw angles of the calibration flow field relative to the reference 
axis are 4.20908 and 0.46125 deg,  respectively.    The pitch angle agrees 
well with the 4.4 deg given in Ref.   1 for the data used in experiment I. 

13 
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The calibration plots for pitch and yaw angle presented in Ref.   1 
are in terms of "corrected" pressure differences, nondimensionalized 
with respect to free-stream dynamic pressure.    The corrected pressure 
differences are determined by the condition that the pitch and yaw angles 
are zero when the corrected pressure differences are zero.   This neg- 
lects the misalignment of the aerodynamic axis with respect to the ref- 
erence axis,  and the measured flow angles are in error by the amount 
of this misalignment.    The calibration equations [Eqs. (75) and (76)] 
corrected to satisfy these requirements are as follows: 

t = -0.716 (ACPa)c  + 24.55 (ACPt)c (77) 

a = 0.716 (ACp6)c  +  24.25 (ACpff)c (78) 

In Fig. 2, Eqs.  (77) and (78) are graphically compared with the cali- 
bration curves of Ref.  1. 

The second set of data from Ref.   1 were obtained at a free-stream 
Mach number of 2.46.    The resulting calibration equations for pitch and 
yaw angles are as follows: 

f =  1.122(AP(T)  -  47.lHAPf)  - 0.115435 deg (79) 

a = -1.122(AP£)  +  46.40(APff)  - 0.113258 deg (80) 

or 

( = 0.575(ACpff)c  + 24.13(ACpf)c (81) 

a = -0.575(ACP()C  + 23.78(ACPa)c (82) 

In Fig. 3, Eqs.  (81) and (82) are graphically compared with the cali- 
bration curves of Ref.  1. 

The comparisons presented in Figs.  2 and 3 clearly demonstrate 
the practical applicability of the calibration procedure developed in 
this report. 

14 
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SECTION VII 
CONCLUSIONS 

The two major conclusions that can be drawn from this study of the 
cone-probe are as follows: 

1. The qualitative aerodynamic behavior of a cone-probe is 
adequately described by linearized aerodynamic theory, 
and 

2. Further work needs to be done to determine the influence 
of Mach number and Reynolds number on the calibration 
coefficients. 
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APPENDIX 
ILLUSTRATIONS 
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Fig. 1   Cone-Probe and Flow Field Nomenclature 
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Fig. 2  Comparison of Calibration Curves For Mach Number 1.72 
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